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Goodrran,  E.  M. , Greenebaum,  B. , and  Marron,  Michael,  T. , BiooffocLs  01 
Extremely  Low  Frequency  Electromagnetic  Fields:  variation  with  intensity, 
..■aveform  and  individual  or  combined  electric  and  magnetic  fields.  Radiat. 
Res. 

Exposure  of  the  myxcmycete  Physarum  polycephalum  to  either  continuous 
wave  (75  Hz)  or  frequency  modulated  wave  (76  Hz)  electromagnetic  fields  (emf) 
(0.1  G to  2.0  G and  0.035  V/m  to  0.7  V/n)  lengthens  the  mitotic 
cycle  and  depresses  the  respiration  rate.  Once  induced,  these  effects 
persist  indefinitely  without  increasing  or  decreasing  in  magnitude  beyond 
that  due  to  normal  variability  of  the  organism.  Similar  effects  are 
observed  when  either  individual  electric  fields  (0.7  V/m)  or  magnetic 
fields  (2.0  G)  are  applied,  however  the  magnitude  of  the  response  is 
less  than  that  observed  with  simultaneous  fields.  Ihe  individual  field 
effects  appear  to  be  additive  for  respiration  but  not  for  nuclear 
division  rate.  For  fields  applied  simultaneously  at  levels  below  0.14 
V/m  and  0.4  G the  response  was  independent  of  field  intensity.  No 
threshold  was  observed  for  simultaneously  applied  electric  and  magnetic 
fields;  however,  indirect  evidence  is  presented  that  suggests  either  the 
electric  or  magnetic  field  is  belcw  threshold  at  levels  of  0.14  V/m 
and  0.4  G,  respectively.  Frequency  modulation  of  the  fields  seems  to 
have  no  major  effect  on  the  response  induced  in  P,  polycephalum. 


BiooffoctS  of  Low  Frequency  EMF 
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imreoucTicN 

The  research  described  in  this  report  represents  the  second  phase 
of  a program  designed  to  ascertain  the  effects  of  extremely  low  frequency 
electromagnetic  fields  (ELF)  on  the  3 lime  mold  Physarum  polyoephaluro. 

The  first  phase  (see  Technical  Report,  Phase  1,  9/15/71-6/30/74)  in- 

t 

valued  exposure  of  Physarum  at  various  phases  of  its  life  cycle  to 

continuous  wave  fields  of  75  and  60  Hz,  2.0  G,  and  0.7  V/m.  Ihe  data  j 

from  the  studies  indicated  a lengthening  in  the  mitotic  cell  cycle 

and  a slewing  of  shuttle  streaming;  the  competency  of  the  mold  to 

oonplete  its  life  cycle  was  not  adversely  effected  by  exposure  to  these 

fields.  If  the  affected  cultures  were  removed  from  the  ELF  environment 

and  returned  to  a control  environment,  length  of  the  cell  cycle  returned 

to  control  levels  within  about  3 to  4 wades. 

This  report  examines  the  roles  of  individual  electric  and  magnetic 
continuous  wave  (cw)  fields  in  addition  to  the  effects  of  frequency- 
modulated  fields  on  the  nuclear  division  cycles.  ELF*  effects  on 
various  physiological  and  biological  parameters  are  also  discussed. 

MMEBIALS  AND  METHODS 

Field  Generation  and  Monitoring;  Magnetic  and  electric  fields 
were  generated  using  facilities  and  equipment  described  in  detail 
elsewhere  (11,12) . Briefly,  nagnetic  field  ooils  surround  both  a 
reciprocating  platform  (to  aerate  microplaanodia  in  flasks) , and  a 
stationary  platform  (for  racroplasmodia  in  petri  dishes)  t both  shaker 
and  ooils  are  enclosed  in  a Warren-Sherer  Rl-48  incubator.  Electric 
fields  are  generated  by  stainless  steel  electrodes  placed  in  contact  with 
the  nutrient  medium.  Control  and  experimental  incubators  are  similar 
in  all  respects  except  that  ooils  and  electrodes  in  the  control 

• 
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incubator  are  not  enorqizod.  In  those  experiments  in  which  electric  and 
magnetic  fields  are  applied  simultaneously  both  the  coils  are  energized, 
in  experiments  involving  a single  field  (either  electric  or  magnetic)  only 
the  electrodes  or  the  coils  are  energized?  the  lower  connection  to  the 
unused  circuitry  is  broken  and  replaced  with  a dummy  load  with  the  same 
impedance  as  the  power  amplifier.  Oscillating  7S  Hz  electric  and  magnetic 
fields  were  applied  using  a sine  wav>..rfcrm  with  the  fields  at  right  angles 
to  one  another  and  in  phase.  In  several  experiments  the  waveform  was 
modulated  by  shifting  the  t regi.ency  abruptly  at  the  peaks  so  as  to  maintain 
a continuous  waveform?  this  type  of  frequency  modulation  is  known  as 
minimum-shift-keying  modulation  and  is  employed  in  certain  communication 
systems.  In  these  experiments  the  oscillator  driving  the  field  generation 
equipment  was  set.  at  a nominal  center  frequency  of  7b  Hz.  It  made  random 
frequency  shifts  between  72  Hz  and  80  Hz  on  the  average  of  8 times  a 
second.  The  oscillator  was  furnished  by  the  Illinois  Institute  of  Technology 
Research  Institute  under  a contract  with  the  Office  of  Naval  Research. 

Maintenance  of  Cultures  and  Mitosis  Experiments:  Physarum  polyce^halum 

M3CVII(IIe)  ori^inally  ahtained  frora  Dr-  Joyce  flohberg , McArdle  laboratory 
for  Cancer  Research,  Madison,  Wisconsin,  has  been  continuously  maintained 
and  subcultured  as  mieroplasmodia  in  specially  designed  rectangular  shake 
flasks  (12)  using  the  medium  described  by  Daniel  and  Baldwin  (13).  At  the 
beginning  of  our  study  on  the  effects  of  KMK  fields  on  Physaiuin  (September, 
19^1),  mieroplasmodia  were  subdivided  into  four  lines?  these  were  designated 
as  controls  to  which  no  electric  or  magnetic  fields  wore  ever  applied. 

These  nicroplasmodia  have  continued  to  serve  both  as  controls  and  as  the 
source  of  inoculum  for  each  experiment  concerned  with  the  effects  of  a now 


electromagnetic  environment.  Control  and  experimental  cultures  are 


maintained  in  separate  incubators  with  interconnected  temperature  controls, 
allowing  incubators  to  be  maintained  at  25.5  +0.3°  C (14) . 

Maintenance  of  Cultures?  In  our  previous  reports  (10-12)  interpretation 
of  some  experiments  was  complicated  by  extensive  scatter  in  the  data,  'it) 
improve  the  precision  of  our  experimental  protocols,  ve  found  it  necessary 
to  rigidly  adhere  to  the  following  details  for  handling  and  culturing 
Physamm.  Microplasmodia  from  the  control  and  EMF  environments  are 
routinely  subculture^  to  new  nutrient  medium  on  a rigid  48  hour/48  hour/72 
hour  schedule.  With  the  exception  of  the  short  period  of  time  required 
for  transfer  of  cultures  to  fresh  growth  medium  exposed  cultures  are 
maintained  in  the  EMF  environment  at  all  times.  Cultures  are  prepared  for 
measurement  of  nuclear  cycle  length  or  oxygen  uptake  rate  by  withdrawing 
a 2.0  ml  aliquot  of  microplasmodia  from  the  appropriate  stock  culture  and 
transferring  it  into  20  ml  of  nutrient  medium.  These  now  cultures  are 
allowed  to  grow  for  only  24  hours  whereupon  they  are  processed  as  described 
below.  This  procedure  insures  that  microplasmodia.  are  in  the  logarithmic 
phase  of  their  growth  cycle  at  the  time  measurements  are  performed. 

Nuclear  Division  Cycle:  Logarithmic-phase  microplasmodia  from  both  the 
control  and  exposed  flasks  are  collected  in  tared  conical  tubes  and 
centrifuged  for  30  seconds  at  250  x y,  the  supernatant  is  decanted  and 
the  microplasmodial  pellet  is  washed  and  resuspended  in  10  volumes  of 
distilled  water.  The  suspension  is  recentrifuged  (30  s,  250  x g) , the 
supernatant  is  again  decanted,  and  the  pellet  is  weighed  and  resuspended 
in  twice  the  pellet  weight  of  distilled  water.  A 0.2  ml  aliquot  of  the 
microplasmodial  suspension  is  placed  on  filter  paper  supported  by  an 
absorbent  cotton  pad  in  a Petri  dish.  These  microplasmodia  coalesce  to 
form  a single  multinucleate  syncytium  referred  to  as  a stationary 
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macroplasmodiumj  prolonged  EMF  exposure  does  not  at  feet  the  fusion  of 
microplasmodia  (15).  The  time  required  for  each  stationary 

macroplawodiawto  attain  the  second  metaphase  configuration  (includes  the 
interdivision  time  from  addition  of  medium  to  Mj  and  the  interdivisicn  time 
between  Mj  to  Mjj)  is  referred  to  as  the  mitotic  cyclu.  All  nucle'i  in  a 
single  stationary  macroplasmodium  undergo  mitosis  in  virtual  synchrony  (16) . 

An  experiment  usually  consists  of  10  control  plates,  derived  from 
microplasmodial  cultures  grown  in  the  control  environment,  and  1C  experimental 
plates,  derived  from  microplasmodial  cultures  continuously  subjected  to  the 
particular  field  conditions  being  studied.  The  stages  in  *a  mitotic  cycle 
^-re  determined  by  observing  ethanol-f ixed  smears  with  a phase-contrast 
microscope.  After  determining  the  onset  of  mitosis  (metaphase)  in  each 
stationary  macroplasmodiuwthe  cultures  aro  discarded. 

Oxygen  Consumption t Control  and  EMF-exposed  microplasnodia  are  collected 
in  the  logarithmic  phase  of  their  growth  cycle  by  centrifugation  at  250  x 
g (4°  C) . The  supernatant  is  decanted  and  the  pellet  resuspended  in  an 
equal  volume  of  fresh  growth  medium.  Duplicate  o.5  ml  plasmodial  samples 
from  each  set  are  placed  in  sterile  Warburg  reaction  vessels  that  have  been 
calibrated  according  to  Umbrcit  et  al.  (17).  Growth  medium  (2.5  ml)  is 
added  and  the  flasks  are  brought  to  25.0  +_  0.1°  C in  the  Warburg  water  bath. 
The  CC^  evolved  is  trapped  in  the  center  well  using  filter  papers  saturated 
with  hyamine  hydroxide  (18).  At  the  conclusion  of  the  experiment,  protein 
content  is  estimated  by  removing  plasmodia  from  each  Warburg  vessel,  ex- 
tracting the  pigment  in  several  washes  of  trichloroacetic  acid  (TCA) -acetone- 
water  (50  gr.  TCA  in  500  ml  acetone  and  water  to  one  liter)  and  dissolving 
the  residual  pellet  in  0.4  NaOH.  Protein  content  in  the  pellet  was 
estimated  using  the  colorimetric  procedures  described  by  liowry  et  al.  (19) 


with  bovine  serum  albumin  as  a standard. 


Statistical  Methods  a Two  statistical  tests  are  employed  for  analyzing 


the  data:  the  t-test  and  the  Wilcoxon  Signed  Ranks  test,  also  referred  to 
by  some  authors  as  the  Mann-Whitney  test  (20) . We  routinely  apply  both 
tests  in  our  analysis;  a difference  between  the  results  of  the  two  tests 
indicates  that  the  distributions  are  not  normal.  In  this  situation  the 
Wilco:;on  test  is  the  preferred  test. 

There  is  a fairly  large  day-to-day  variation  observed  in  the  mitotic 
cycle  lengths  and  in  other  features  of  the  Physarum  life  cycle.  This 
variation  is  believed  to  be  caused  by  changes  in  handling  procedures  and 
in  uncontrolled  external  factors  such  as  humidity,  barometric  pressure, 
and  impurities  in  the  nutrient  medium,  all  of  which  affect  both  control  and 
exposed  cultures  in  an  identical  fashion.  Because  of  these  variations, 
data  collected  for  control  and  exposed  cultures  on  a given  day  are  treated 
as  paired  groups.  The  average  value  of  the  control  data  is  subtracted  from 
each  of  the  measurements  taken  on  the  exposed  cultures  before  they  are 
plotted  or  analyzed.  We  present  these  relative  data  in  the  form  of 
histograms.  If  there  is  no  difference  between  control  and  exposed  cultures, 
the  histogram  will  be  centered  at  0.0.  The  width  of  the  histogram  provides 
a measure  of  both  the  natural  variability  of  Physarum  and  variability  in 
the  parameter  measured,  induced  by  the  presence  of  EMF  fields.  This  "daily" 
variability  is  distinct  in  nature  from  "day-to-day"  variability  caused  by 
changes  in  external  factors. 

When  cultures  are  first  placed  into  an  exposure  chamber  they  behave 
in  a manner  indistinguishable  from  the  controls  for  a period  of  time  ranging 
from  one  to  twelve  weeks.  The  precise  length  of  this  induction  period  is 
difficult  to  assess  because  there  are  no  widely  accepted  criteria  for 
establishing  the  "onset"  of  an  effect  in  the  mitotic  cycle.  We  adopt  the 
arbitrary  criterion  of  waiting  until  three  successive  measurements  (on  three 
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different  days)  reveal  a difference  in  the  length  of  the  mitotic  cycle 
significant  at  the  p • 0.01  level,  before  we  claim  an  effect.  We  observe 
that  after  an  initial  induction  period  defined  in  this  way,  the  exj>o:;od 
exhibit  a mitotic  cycle  that  is  m.ore-or-less  constant  in  length  and  longer 
in  time  than  control  cultures.  All  data  used  in  the  calculations  re|*uted 
here  were  collected  during  the  post-induction  period.  No  data  were  excluded; 
specifically,  EMF  exposed  cultures  showing  shorter  interrnitotic  times  than 
controls  were  included. 

RESULTS 

We  observe  a lengthened  mitotic  cycle  in  Physarum  polycephalum 
exposed  to  EMF  fields.  Typical  data  are  shown  in  Figure  1 for  control  and 
exposed  cultures  for  the  period  of  400  days  during  which  the  experiments 
in  this  paper  were  conducted.  The  particular  line  of  cultures  for  which 
these  data  were  taken  had  already  been  exposed  to  EMF  fields  for  approximately 
four  years  which  accounts  for  the  numbering  of  the  days  on  the  abcissa. 

Figure  2 is  a histogram  of  the  data  from  Figure  1 showing  differences 
for  exposed  cultures  relative  to  the  daily  control  average.  The  histogram 
reveals  an  average  mitotic  cycle  for  exposed  cultures  that  is  0.64  hr 
longer  than  the  control  mitotic  cycle. 

Figures  3,  4,  and  5 show  the  effect  on  the  mitotic  division  cycle 
induced  by  exposure  to  75  Hz  magnetic  fields  of  2.0  G (Fig.  3),  to  75  Hl’; 
electric  fields  of  0.7  V/m  (Fig.  4),  and  to  simultaneous  electric  and 
magnetic  fields  5 times  weaker  than  those  employed  for  the  data  presented 
in  Fig.  2 (Fig.  5).  Hie  data  in  each  of  the  histograms  are  pooled  from 
duplicate  sets  of  experiments,  i.e.,  data  from  two  groups  of  exposed 
cultures  is  displayed,  each  was  introduced  into  the  fields  at  different 
times.  Tests  for  reproducibility  of  our  data  using  data  from  these 
duplicate  sets  are  presented  in  the  Discussion. 


Data  for  cultures  exposed  to  electric  and  magnetic  fields  i..  win  h 
the  waveform  is  modulated  are  shown  in  Figures  6,  7,  and  8.  The  modulated 
field  intensities  in  Figures  6 and  7 were  selected  to  agree  with  the  cw 
field  intensities  used  for  Figures  2 and  5.  Figure  8 presents  data  taken 
at  field  intensities  attenuated  by  an  additional  factor  of  4.  Thus  t lie 
fields  employed  in  the  set  of  experiments  reported  in  rigure  8 are  a 
factor  of  20  times  weaker  than  those  employed  for  Figures  2 or  6. 

The  effects  of  various  F24F  fields  on  oxygen  consumption  are  shown 
in  Fig.  9.  Differences  in  rates  for  exposed  cultures  from  the  daily  control 
culture  average  are  presented  as  percentages.  If  there  were  no  overall  cr 
systematic  differences  in  the  respiration  rate  the  histograms  would  be 
centered  around  zeo.  A decreased  respiration  rate  is  observed  in  all 
cultures  exposed  to  SHF  fields]  the  magnitude  of  the  decrease  in  rate  varies 
with  exposure  conditions.  Mean  values  of  the  decreases  computed  from  the 
raw  data  are  given  on  the  righthand  side  of  the  Figure.  These  mean  values 
are  all  significantly  different  from  zero;  the  precise  level  of  significance, 
determined  using  the  wilcoxon  Signed  Ranks  statistic,  is  also  given  in  the 
Figure.  The  least  significant  decrease  is  found  in  the  MOD  (E+B)  data 
where  a significance  level  of  p ■ 0,03  is  determined.^  The  average  absolute 
value  for  the  control  respiration  rate  was  0.6  h!  02/min/mg-protein;  day- 
to-day  variations  in  control  rates  ranged  between  0.4  and  0,8  Ml  o^/min/mg- 
protein.  As  we  noted  above  in  connection  with  the  mitotic  cycle  length 
measurements,  day-to-day  variations  were  observed  to  occur  in  both  exposed 
and  control  cultures;  whenever  high  <or  low)  rates  were  observed  in  control 
cultures  correspondingly  high  (01  low)  rates  were  also  observed  in  exposed 
cultures.  It  should  be  noted  that  day-to-day  variations  do  not  affect 
the  precision  of  our  experiments* 
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ANALYSIS  AND  DISCUSSION 

We  have  previosly  shovm  that  long-term  exposure  of  Physarum  polycephalum 
to  continous  wave  extremely  low  frequency  fields  (EMF)  of  45,  60,  and  75  Hz 
at  2.0  G and  0.7  V/m  lengthens  both  the  mitotic  cycle  and  slows  the  shuttle 
streaming  of  the  cytoplasm  (10,  11).  Here  we  examine  individual  electric 
and  magnetic  fields  in  addition  to  the  effects  of  changing  the  waveform 
from  sinusoidal  to  a frequency  modulated  waveform.  An  improvement  in  handling 
procedures  (see  methods)  was  undertaken  near  day  1500  (Fig.  1),  most  of 
the  data  reported  here  were  collected  after  this  time.  A major  difference 
in  the  data  reported  here  and  that  reported  earlier  (10,  11)  is  that  laboratory 
procedures  for  handling  and  transferring  cultures  have  been  further  modified 
so  that  daily  and  day-to-day  variability  in  the  data  has  been  substantially 
reduced.  Daily  mitotic  cycle  lengths  were  usually  determined  to  within 
a standard  error  of  le.  s than  0.1  hr.  A tabular  array  of  some  typical 
raw  data  has  been  published  elsewhere  (21) . 

One  feature  of  EMF  exposures  we  were  concerned  about  was  the  effect  of 
long-term,  chronic  exposure.  Figure  2 presents  data  for  field  conditions 
that  are  the  same  as  those  previously  reported  in  Ref.  11;  however,  these 
are  new  data  acquired  by  continuing  our  earlier  experiments.  Cultures 
maintained  in  E+B  fields  have  displayed  a lengthened  mitotic  cycle  at  a 
nearly  constant  level,  relative  to  controls,  for  almost  five  years. 

Application  of  individual  magnetic  fields  (2.0  G,  Fig.  3)  or  electric 
fields  (0.7  V/m,  Fig.  4)  induces  a lengthened  mitotic  cycle,  the  magnitude 
of  wnich  is  not  as  large  as  that  observed  when  both  fields  are  applied 
simultaneously.  If  rngnetic  and  electric  fields  are  simultaneously 
applied  at  intensities  five  times  weaker  (o.4  G and  0.14  V/m),  the  mitotic 
cycle  is  again  lengthened  about  the  same  amount  as  that  observed  when 
individual,  more  intense  E or  B fields,  are  applied.  These  data  may  be 
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interpreted  in  one  of  two  ways: 

(1)  We  have  observed  a typical  dose-response  relationship  since  decreasing 

«/  V 

the  intensity  by  a factor  of  five  (E+B  E+B)  has  produced  a decreased 
response. 

(2)  Alternatively,  the  decreased  response  observed  in  going  from  E+B  to 
E+B  is  the  result  of  passing  the  lower  threshold  for  either  the 
electric  or  the  magnetic  field  and  the  efficacious  field  produces 
the  same  response  at  the  reduced  intensity  as  it  does  at  the  higher 
intensity. 

Our  protocol  did  not  allow  for  an  examination  of  lower  B fields  and 
thus  we  are  unable  to  provide  an  unequivocal  distinction  between  these  two 
interpretations.  However  our  data  suggest  that  the  second  interpretation 
is  more  likely.  The  fact  that  the  magnitude  of  the  effect  observed  is  the 
same  for  all  three  exposure  conditions,  E-only,  B-only,  and  E+B,  is  easily 
understood  using  the  second  interpretation.  Furthermore,  experiments 
discussed  below  using  modulated  waveforms,  show  no  alteration  in  response 
when  field  intensities  are  decreased  by  another  factor  of  four  from  E+B. 

This  is  consistent  with  the  thesis  that  the  remaining  efficacious  field 
produces  a response  that  is  independent  of  intensity  near  these  levels. 

To  make  objective  comparisons  between  distributions  of  data  one  must 
adopt  some  criterion  for  determining  differences  based  on  a statistical 
test.  There  are  a number  of  ways  of  comparing  two  distributions  of  numbers, 
the  most  common  of  which  are  to  examine  differences  in  the  means  or  to 
examine  differences  in  the  variances  (widths)  of  the  distributions.  It  is 
clear  that  differences  exist  in  the  variances  of  these  distributions, 
however,  we  have  not  adopted  a test  based  on  this  feature  of  the  distribution 
because  we  are  unsure  what  biological  interpretation  to  attach  to  a broad 
versus  a na?  row  distribution  of  mitotic  cycle  times.  Presumably  a broader 
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distributicn  reflects  action  of  an  agent  that  increases  the  variability  in 
cycle  length  over  and  above  the  natural  variability.  The  test  we  have 
adopted  la  the  Wileoxon  Signed  Ranke  method,  and,  because  it  is  widely 
known,  we  have  also  applied  the  t-test  for  comparison  of  means  in  several 
instances.  Noth  tests  are  used  either  to  compute  two  d i st i i hut  ions  ot  data 
to  see  whether  their  means  differ  (it  is  the  distribution  locations  that 
are  compared)  or  to  determine  if  the  mean  of  a distribution  differs  from 
zero.  The  Wileoxon  test  is  a nonparametr ic  test,  which  means  that  the 
distribution  being  analysed  need  not  bo  a normal  distribution  for  the  test: 
to  be  valid.  Generally,  the  two  tests  produce  similar  findings;  in  those 
instances  where  a discrepancy  exists,  a departure  from  normality  in  the 
data  is  indicated  and  the  wileoxon  teat  is  preferred. 

before  proceeding  with  a comparison  of  distributions  of  mitotic  cycle 
lengths  it  is  important  to  examine  the  data  for  reproducibility  and 
consistency.  The  data  presented  in  Figure  3 are  pooled  from  two  sets  of 
experiments  both  of  which  employed  75  Ha  magnetic  fields  at  2.0  G.  These 
experiments  wer#not  conducted  simultaneously  but  wore  staggered  in  time. 

After  a lengthened  cycle  was  established  in  the  first  set  of  cultures 
exposed  to  the  fields,  a second  set  of  cultures  derived  from  the  control 
was  introduced  into  the  field  generation  apparatus.  Figures  4 and  '• 
likewise  present  data  |>oolod  from  two  sets  ot  eultmes.  Keproduci lu  1 1 1 y 
in  these  data  may  be  tested  by  constructing  distributions  for  each  individual 
sot  of  cultures  and  comparing  them  with  one  another.  The  results  of  these 
comparisons  are  presented  in  Figure  10a.  The  notation  we  use  in  this  and 
later  figures  is  sot  forth  in  Table  1.  The  two  sets  of  data  for  each  field 
condition  are  distinguished  by  a subscript  "1"  or  "2"  on  the  field  condition 
symbol.  Comparison  of  the  two  H-distributions  gives  a Wileoxon  statistic 
of  l.l  which  is  far  below  the  p “ 0.01  level  of  significance  required  for 
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establishing  a difference  between  distributions.  There  xs  no  significant 

'•  #«/ 

difference  between  the  two  E-distributions  or  the  two  (E+B) -distributions. 

The  number  (N)  of  data  in  each  distribution  is  given  in  the  Figure. 

The  internal  consistency  of  our  data  may  be  examined  by  comparing 
the  results  of  equivalent  tests  such  as  Bi  vs  Kj.  and  hi  vs  Hi . The  first 
four  lines  of  Figure  10b  show  that  all  possible  comparisons  of  B-sub- 
distributions  with  E-subdistributions  produce  the  same  statistical  finding, 
viz.,  that  the  B-distributions  are  indistinguishable  from  the  E-distributions. 
The  last  eight  lines  of  Fig.  10b  present  all  possible  remaining  tests  among 
the  six  distributions  introduced  in  Figure  10a.  These  tests  establish  tne 
consistency  of  our  data;  one  reason  we  selected  a significance  level  of 
o.Ol  was  to  insure  this  internal  consistency*  In  the  remainder  of  the 
Discussion  we  deal  only  with  pooled  distributions. 

A statistical  comparison  of  the  E+B,  B-only,  and  E-only  distributions 
is  shown  in  Figure  11a.  Note  that  the  abcissa  scale  in  Figure  11  has  been 
compressed  by  a factor  of  2 over  that  in  Figure  10.  The  statistical  tests 
clearly  support  the  conclusion  formed  by  visual  inspection  that  the  B-on.ly 
and  E-only  distributions  are  similar  and  both  are  different  from  the  E+B- 
distribution.  This  means  that  both  the  magnetic  and  the  electric  fields 
play  a role  in  causing  physiologic  changes  in  the  organism.  We  see  no  a 
priori  reason  that  the  B-field  and  E-field  should  have  the  same  effect. 

The  statistical  identity  of  the  B-  and  E-distributions  may  arise  because  of 
fortuitous  selection  of  two  field  intensities  at  appropriate  levels  to 
cause  this  to  happen.  Note  also  that  although  both  B-  and  E-fields  each 
contribute  to  lengthening  the  mitotic  cycle,  their  input  is  apparently 
not  additive  when  the  fields  are  applied  simultaneously. 

Figure  lib  shows  the  statistics  for  comparisons  of  E+B,  n-only,  and 
E-only  distributions  with  the  E+9  distribution  confirming  the  visual  analysis. 


As  noted  above  this  finding  suggest  that  by  decreasing  the  p and  K i 
intensities  by  a factor  of  5 we  have  passed  tho  lower  threshold  for  one  of 
the  fields.  In  an  earlier  paper  we  reported  that  E+B  fields  did  not  lengthen 
the  mitotic  cycle  in  Physarum  (11).  The  data  presented  in  Fiqure  S clearly 
contradict  the  earlier  repoit  that  was  based  on  different  data.  Because 
of  large  variability  in  our  earlier  data,  we  were.  unable  to  reject  the 
hypothesis  of  no  effect.  The  experimantal  data  presented  it  Figure  5 were 
collected  subsequent  to  our  first  report  and  after  more  stringent  laboratory 
procedures  for  handling  cultures  h.ul  been  implemented.  The  data  a» o 
reproducible  (see  Figure  10a)  and  unequivocal  in  establishing  an  effect. 

Our  earlier  conclusion  that  a lower  threshold  had  been  passed  must  bo  dlsoarde 
The  influence  that  waveform  may  have  in  inducing  effects  in  Physarum 
was  also  examined.  Modulated  fields,  electric  and  magnetic,  were  applied 
at  three  different  intensities,  the  least  intense  being  20  times  weaker 
than  the  most  intense  (Figures  0,  7,  and  U) . Visual  inspection  of  these 
three  distributions  shows  that  they  are  all  quite  similar.  The  major 
difference  is  that  some  observations  lie  at  quite  large  cycle  times  in 
Figure  6,  compared  to  Figures  7 and  8.  If  it  were  not  for  the  upper  tail 
in  Figure  6,  the  throe  would  appear  almost  identical.  The  statistics  tor 
comparisons  are  given  in  Figure  11c  where  it  may  be  seen  that  the  conclusions 
based  on  visual  inspection  are  confirmed.  The  difference  between  M0D(i:+B) 
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and  MOD(E+B)  is  not  large  but  it  is  significant.  Agreement  between  MOD (E+B) 
and  MOD(E+B)  is  somewhat  surprising,  suggesting  that  Physarum ' s response  to 
fields  at  these  levels  is  independent  of  intensity.  One  must  be  caret ul 
in  drawing  negative  conclusions:  they  are  only  as  good  as  the  power  of  the 
statistical  test  applied.  Althouyh  it  is  difficult  to  determine  the  power 
of  the  Wilcoxon  test,  the  power  of  the  t-test  is  well  established  and  may 
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be  used  to  estimate  the  power  of  the  Wilcoxon  test.  Using  t-test  power 

tables  (22)  one  may  say  with  99%  confidence  that  the  true  difference  in 

means  between  the  distributions  in  Figures  7 and  8 is  at  most  0.01  hr. 

Mt/ 

The  agreement  between  the  MOD (E+B)  and  MOD (E+B)  data  is  somewhat 

harder  to  understand.  One  would  intuitively  expect  the  reverse  since 

iff 

MOD  ( E+B )^T  MOD  (E+B)  and  MOD (E+B)  - MOD (E+B) . When  a set  of  results  is  not 
internally  consistent  we  say  that  transitivity  within  the  set  does  not 
hold.  Transitivity  means  that  if  A«C  and  B*C  then  A*B.  There  is  of  course 
no  reason  for  transitivity  of  these  relations  to  hold  because  the  equality 
signs  do  not  represent  strict  numerical  equality  but  rather  statistical 
indistinguishability.  We  note  that  another  violation  of  transitivity  arises 
in  connection  with  the  MOD (E+B)  distribution,  which  is  seen  in  Figure  lid. 

It  is  tempting  to  suppose  the  lack  of  transitivity  may  be  traced  to  the 
long-cycle  tail  in  the  MOD (E+B)  distribution,  though  the  degree  of  influence 
and  the  physical  significance  of  the  tail  is  not  clear. 

A comparison  of  individual  modulated  field  distributions  with  the 
unmodulated  field  distributions  is  presented  in  Figures  lid,  lie,  and 
Ilf.  Except  for  the  lack  of  agreement  between  the  MOD (E+B)  and  E-only 
distributions  and  the  agreement  between  MOD (E+B)  and  MOD ( E+§^  there  are  no 
surprises.  In  fact  the  findings  provide  independent  confirmation  of  the 
conclusions  reached  as  a result  of  the  analyses  in  Figure  11c.  The  entire 
results  of  Figure  11  are  summarized  in  schematic  form  in  Figure  12. 

The  effect  of  EMF  on  oxygen  uptake  (Figure  9)  is  similar  to  its  effect 
on  the  nuclear  division  cycle.  The  decrease  in  oxygen  uptake  for  E+B  is 
greater  than  that  for  any  of  the  other  field  conditions.  In  contrast  to 
the  mitotic  cycle  length  data,  the  B-only  and  E-only  effects  appear  to  be 
additive,  i.e.,  one-half  of  the  E+B  decrease  may  be  ascribed  to  the  B-field 

and  half  to  the  E-field.  Again,  perhaps  fortuitously,  the  magnitude  of  the 
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B-field  and  E-field  effects  are  nearly  identical.  U like  the  mitotic  cycle 
length  data,  the  respiration  rate  decrease  under  E+B  does  not  agree  with 
B-only  end  E-only  decreases.  However,  the  data  for  the  E+B  case  are  few 
and  this  conclusion  should  be  accepted  with  caution.  The  MOO (E+B)  data 
again  stand  out  from  the  rest  and  the  distribution  is  quite  broad.  No 
dose-responte  relationship  is  observed  in  comparing  MOD (E+B)  with  MOO (E+B) . 

The  oxygen  data  in  Figure  9 further  strengthen  the  conclusion  that 
waveform  has  little  direct  influence  on  the  organismal  response  to  ELF  fields. 
The  extent  of  agreement  between  the  EMF  induced  differences  in  mitotic 
length  data  and  the  oxygen  uptake  data  can  be  seen  by  examining  tnc  means 
and  standard  deviations  for  the  two  sets  of  distributions,  listed  together 
in  Table  2.  The  longest  mitotic  cycle  length  increases  parallel  the 
greatest  decreases  in  respiration  rates.  Broad  distributions  of  cycle 
lengths  are  usually  associated  with  broad  distributions  of  respiration 
rates.  Measurements  of  respiration  rates  and  cycle  lengths  usually  are 
not  performed  on  the  same  day.  One  can  readily  imagine  mechanisms  for 
explaining  a close  correlation  between  respiration  rates  and  mitotic  cycle 
lengths.  The  correlation  of  distribution  widths  between  the  two  sets  of 
data  presumably  reflects  the  close  connection  between  mitosis  rate  and 
respiration  rate.  Exactly  why  some  distributions  are  broader  than  other!-, 
is  not  clear. 

Although  the  oxygen  uptake  experiments  seem  to  be  telling  us  the 
same  thing  as  the  mitotic  cycle  length  experiments  when  B-  and  E-fields 
are  applied  simultaneously , they  tell  us  something  dilterent  when  the  lie  Ids 
are  applied  individually.  The  fields  seem  tn  be  additive  in  their  effects  on 
oxygen  uptake  and  not  additive  in  their  effi  cts  on  mitotic  cycle  length.  This 
may  suggest  that  there  are  several  mechanisms  of  interaction  between  ELF  fields 
and  biological  systems  or,,  what  is  more  likely,  it  may  simply  reflect  a complex 
relationship  between  respiration  rate  and  mitosis  rate. 
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SUMMARY 

) . ExpoiU iff*  of  Physarum  polycsphalum  to  extremely  low  frequency  EMF 

(0.035  to  0 . ?V/m)  and  maqnotic  field:;  (0.1  to  2.0  g)  prothii 

, an  increase  in  the 

a decrease  in  respiration  andfcnucloar  division  rates  in  the  orqanintn. 

These  findings  are  consistent  with  results  of  earlier  studies  performed 
at  different  frequencies  and  field  intensities. 

2.  Scvural  sots  of  Physarum  cultures  have  boon  exposed  continuously 
for  five  years  to  75  Hz  fields  of  0.7  V/m  and  2.0  G.  After  an  initial 
induction  period  the  exposed  cultures  exhibited  a mitotic  cycle  that  was 
consistently  longer  than  the  control  cycle  by  0.6  hr.  Hie  induced  incre.uie 
in  mitotic  cycle  length  docs  not  become  progressively  larger  nor  does  the 
organism  respond  by  compensating  for  exposure  and  slowly  adjust  its  cycle 

length  to  agree  again  with  the  control  cycle  length.  Hie  observed  dec  re,  tie 

tu 

xn^respiration  rate  exhibits  similar  behavior. 

3.  Application  of  either  a 75  Hz,  0.7  V/m  electric  field  or  a 75  Hz, 

2.0  G magnetic  field  produces  a decrease  in  growth  and  respiration  rate; 
however,  the  effects  are  not  as  largo  as  they  are  when  both  fields  are 
applied  simultaneously.  Cither  field  at  these  levels  produces  effects 
that  are  statistically  indistinguishable  from  one  another.  Wo  conclude 
that  both  electric  and  magnetic  fields  play  a role  in  causing  physiologic 
changes  in  the  organism.  It  appears  that  these  roles  are  additive  when 
one  examines  the  respiration  data.  Hie  roles  ol'  the  individual  lie  his 

in  sieving  nuclear  division  are  not  additive:  each  fiolc.  causes  the 
rate  to  slew  by  about  0.4  hr  but  simultaneous  application  of  the  fields 
produces  a cycle  that  is  only  0.6  hr  longer. 

4.  Exposure  of  Physatnm  to  simultaneous  75  Hz  electric  and  magnet  ic 
fields  that  are  five  tines  weaken  (0.14  V/m  and  0.4  G)  produces  oi  U\’is 
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that  are  statistically  indistinguishable  from  those  observed  when  eitner 
a stronger  electric  field  (0.7  V/m)  or  nuynctic  field  (2.0  G)  is 
applied  by  itself.  Itiose  ana  other  data  suggest  that,  the  lower  thrernold 
for  efficacy  of  one  t ype  of  field  nuy  have  been  passed. 

5.  Frequency  nodulation  of  the  applied  electric  and  nuynctic  field 
produces  bioeffects  similar  to  those  observed  • hen  unnoGulated  situ  wave 
fields  are  applied.  Although  the  data  obta>  d are  not  completely  self- 
consistent,  we  conclude  that  frequency  modul a w on  of  ELI-'  eloctroiiuynctdc 
fields  at  these  levels  does  not  substantially  alter  the  way  ELF  fields 
interact  with  biological  systems. 

6.  No  lower  (or  upper)  threshold  is  observed  for  effects  of  ELF  fields 
on  rhysarum.  Electric  fields  were  applied  ranging  from  0.03?  V/m  to 

0.7  V/m;  magnetic  fields  ranged  from  0.1  G to  2.0  G.  'ihis  finding  com '.adieu 
one  from  an  oarlier  report  that  ELF  fields  of  0.15  V/m  and  0.4  G produce 
no  effect  in  Fhysarum  (11) . 

7.  Hie  dose-response  relationship  between  field  intensity  .rnd  uuv.tmuic 
of  the  decrease  in  growth  or  respiration  rate  in  riiysarum  is  either  very 
weak  or  nonexistent  at  the  field  intensities  wo  haw  employed.  A doc  tease 

of  field  intensities  by  a factor  of  tour  from  0.14  V/m  and  0.4  G to  0.033  V,  m 
and  0.1  G produces  no  significant  difference  in  response.  We  attribute  the 
large  and  significant  difference  in  response  observed  when  fields  are 
reduced  five  tines  from  0.7  V/m  and  2.0  G to  0.14  V/m  and  0.4  G .is  being 
due  to  passing  the  lower  threshold  for  one  or  the  fields.  Whichever  Held 
retains  effective  at  the  lower  levels  has  a very  flat  dose- response  carve. 
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Thess  ejqjerincnts  were  designed  to  examine  nuny  pnraiictoro  at  once 
in  order  to  enable  us  to  outline  the  way  different  field  ainditio;u;  dUa.t 
bhysurum.  As  such,  they  probably  raise  more  questions  than  they  answer. 

Ft>r  exair^i’ t,  the  sepirate  roles  of  electric  and  magnetic  fields  deserve 
closer  scrutiny,  ‘ilie  individual  effects  of  electric  and  magnetic  fields 
were  studied  at  a single  intensity.  The  surprising  finding  that  the  i-udd 
and  B-field  each  had  almost  the  same  effect  on  Phynarum  may  be  a fortuitous 
result  or  it  may  mean  that  the  same  mechanism  of  interaction  is  responsible 
for  the  effects  of  both  types  of  fields.  Although  we  find  it  difficult 
to  imagine  a mechanism  that  responds  to  electric  and  maqnetic  fields  in 
identical  ways,  the  absence  of  a typical  dose-response  relationship  with 
field  intensities  is  further  indication  that  an  unconventional  mechanism 
of  interaction  may  be  at  work. 

Part  of  the  motivation  for  this  study  was  the  question  of  whether 
or  not  frequency  modulated  ELF  fields  have  the  same  effect  as  cw  ELF  fields. 
Although  the  results  are  not  unequivocal,  we  conclude  that  modulation 
of  the  type  used  here  does  not  significantly  alter  the  way  magnetic 
and  electric  fields  interact  with  biological  systems.  This  is  an  import- 
ant result  which,  if  extended  to  other  modes  of  frequency  modulation. 

Means  that  studies  using  cw  fields  have  wide  applicability.  It  may 
alia  p.'ovide  insight  into  the  nature  of  the  mechanism  of  interaction 
between  living  organisms  and  extremely  low  frequency  electromagnetic  fields. 
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Notation  four  Describing  yield  Conditions. 


1.  E stands  for  an  electric  field  and  B stands  for  i ma^etio  field.  '11k* 

intensity  of  the  field  is  indicated  by  the  presence  or  absence  of  one  or 
more  tildes  above  the  letter  according  to  the  following  scheme: 

E « 0.7  V/m  § - 2.0  G 

E « 0.14  V/m  B =*  0.4  G 

E - 0.035  V/m  B * 0.1  G 

2.  The  symbol  E + B means  that  electric  and  magnetic  fields  were  applied 
simultaneously  in  phase  and  at  right  angles  to  one  another.  Application 
of  a single  field  is  indicated  by  the  use  of  only  one  symbol.  The  word 
"only"  is  often  appended  to  the  symbol  to  enphusize  this  situation. 

3.  The  letters  MOD  appearing  before  a synbol  such  as  MOTXK+B)  mean  that  a 
modulated  waveform  was  applied*  The  form  of  modulation  \v:is  the  kind  iv- 
i’ereed  to  as  ";nininun>-shift  keying"  in  which  a constant  anplitudo  sinus- 
oidal wave  abruptly  changes  frequency  at  the  peaks  of  the  waveform  there- 
by avoiding  any  discontinuity  in  the  waveform.  In  these  experiments  shifts 
between  72  and  80  Hz  were  mode  at  randan  half-cycles  with  an  average  of  eight 
shifts  per  second.  If  MOD  does  not  appear  before  a synbol,  the  fields  were 
sinewave  fields  at  75  Hz. 
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Table  2.  Means  and  standard  deviations  for  mitotic  cycle  length  and  oxygen  uptake 
distributions.  Data  is  given  in  Figs..  2-9;  the  notation  used  to 
specify  field  condition  is  explained  in  Table  1. 


amitotic  CYCLE  LENGTH 

OXYGEN  UPTAKE 

FIELD  CONDITION 

MEAN 

STD.  DEV. 

MEAN 

STD.  DEV. 

(hr) 

(hr) 

(%)  . 

(%) 

E+B 

0.64 

0.49 

-15.7 

11.0 

B 

0.46 

0.36 

- 8.1 

6.4 

E 

0.39 

0.27 

- 9.1 

5.1 

E+E 

0.42 

0.26 

- 4.2 

2.5 

MQD(E+B) 

0.55 

0.53 

- 7.0 

12.2 

MQD(E+B) 

0.40 

0.34 

- 3.7 

7.1 

M0D(E+B) 

0.43 

0.33 

- 3.1 

3.7 

FIGURE  CAPTIONS 


Figurs  1.  Average  length  of  intermitotic  cycle  measured  from  the  time 
nutrient  medium  is  added  to  a fused  macroplasmodium  to  the  second  metaphase 
configuration  of  the  nuclei.  Each  point  represents  the  average  of  five 
to  ten  observations  on  separate  cultures.  The  circles  are  data  taken  from 
control  cultures  and  the  squares  are  data  taken  from  cultures  exposed  to  V b Hz 
2.0  G,  0.7  V/m.  The  standard  error  for  each  point  is  in  the  range 
0.03  to  0.10  hrs  and  is  too  samll  to  be  seen  as  an  error  bar  cn  this  scale. 
Figure  2.  Distribution  of  differences  in  the  length  of  the  mitotic  cycle 
for  exposed  cultures  taken  relative  to  average  daily  control  culture  cycle 
based  on  data  in  Fig.  1.  The  average  control  value  for  the  appropriate 
day  has  been  subtracted  from  each  observation  made  on  exposed  cultures. 

N is  the  total  number  of  observations  on  exposed  cultures  represented  in 
the  histogram.  Field  exposure  conditions  and  histogram  statistics  are 
shown  in  the  Figure. 

Figure  3.  Distribution  of  differences  in  the  length  of  the  mitotic  cycle 
for  cultures  exposed  to  2.0  G magnetic  fields. 

Figure  4.  Distribu'  on  of  differences  in  the  length  of  the  mitotic  cycle 
for  cultures  exposed  to  0.7  V/m  electric  fields. 

Figute  5.  Distribution  of  differences  in  the  length  of  the  mitotic  cycle 
for  cultures  exposed  to  E and  B fields  of  0.14  V/m  and  0.4  G. 

Figure  6.  Distribution  of  differences  in  the  length  of  the  mitotic  cycle 

for  cultures  exposed  to  modulated  E and  U fields  of  0.7  v/m  ami  2.0  G. 

Figure  7.  Distribution  of  differences  in  the  length  of  the  mitotic  cycle 

for  cultures  exposed  to  modulated  E and  B fields  of  0.14  V/m  and  0.4  G. 

Figure  8.  Distribution  of  differences  in  the  length  of  the  mitotic  cycle 
for  cultures  exposed  to  modulated  E and  B fields  of  0.035  V/m  and  0.1  G. 


Figure  9.  Respiration  rates  for  exposed  microplasmodi.il  cultures  relative 
to  average  daily  control  culture  respiration  rates.  Histogram  Inn:.  at  e M. 
wide;  the  center  value  of  the  bin  is  given  below  on  the  abcissa.  Each  point 
repreaenta  a eat  of  rate  measurements  performed  upon  a single,  exposed 
culture  taken  relative  to  the  average  of  rate  measurements  in  two  control 
cultures  determined  at  the  same  time.  Data  given  on  the  right  are  aver. up- 
values standard  errors  computed  from  the  raw  data.  The  probability  that 
the  distribution  mean  differs  from  zero  only  by  chance  is  also  listed; 
these  probabilities  are  derived  using  the  Wilcoxon  signed  Rank  statistic. 
Figure  10.  Statistical  comparison  of  distributions  to  test  reproducibility 
and  internal  consistency  of  the  data.  The  solid  bar  gives  the  results 
for  the  Wilcoxon  Signed  Ranks  test;  the  open  bar  gives  the  t-test  statistic. 
The  p ■ 0.01  and  p « 0.001  levels  for  large  samples  are  shown  on  the  graph. 
The  symbols  E,  B,  E,  etc.  are  defined  in  Table  1. 

a.  Test  for  data  reproducibility  by  comparing  distributions  of 

cycle  length  data  for  two  sets  of  cultues  each  exposed  to  the  same  field 

conditions  but  at  different  times.  For  example,  cultures  in  set  Bj  were  exj-o 

to  a 75  Hz  magnetic  field  of  2.0  G;  cultures  in  set  B-,  were  also  exposed 

*» 

to  a 75  Hz  magnetic  field  of  2.0  G but  these  experiments  began  almost  one 
year  later.  N1/N2  is  the  number  of  data  in  the  first/second  set. 

b.  Test  of  internal  consistency  by  comparison  of  equivalent  distrib- 
utions for  different  field  conditions.  There  are  three  sets  of  four  com- 
parisons all  of  which  display  internal  consistency.  Note  also  that  the 

^ ft/ 

E-distributions,  the  B-distributions,  and  the  (E+B) -distributions  are  .ill 
statistically  equivalent. 

Figure  11.  Comparison  cf  mitotic  cycle  distributions  for  different  field 
conditions.  Data  are  pooled  so  that  all  data  taken  at  a particular  set  of 
field  conditions  are  treated  as  a single  group.  The  solid  bar  gives  the 
results  for  the  Wilcoxon  Signed  Rank  test;  the  open  bar  gives  the  t-test 


statistic.  The  p » 0.01  and  p * 0.001  levels  for  large  sample^  are  shown 
on  the  graph  as  vertical  lines.  The  symbols  E,  B,  HT,  etc.  are  defined  in 
Table  1.  Entries  in  the  column  headed  by  N1/N2  are  the  number  of  data  in 
the  first/second  distribution. 

a.  Conclusions ; E+B  jrf  E-only  or  B-only.  Simultaneous  application 

of  electric  ai  I magnetic  fields  produces  a different  mitotic  cycle  lengthening 
distribution  than  that  observed  when  fields  are  applied  individually. 

At  these  levels  (2.0  G and  0.7  V/m)  the  individual  fields  produce  statistically 
identical  results. 

b.  Conclusions:  E+B  • E-only  and  B-only?  E+B^pE+B.  Electric 

and  magnetic  fields  applied  at  a level  five  times  weaker  cause  a different 
result  to  occur.  These  weaker  fields  produce  the  same  effect  as  either 
more  intense  E-fields  alone  or  more  intense  B-fields  alone.  This  finding 
agrees  with  those  of  Figure  10. 

c.  Conclusions:  MOD (E+B) MOD (E+B) ? MOD (E+B)  ■ MOD (E+B ) ? 

^ ^ Of 

MOD ( E+B ) ■ MOD(E+B)  . Reduction  of  field  intensity  by  five  times  causes  the 
mitotic  cycle  lengthening  distribution  to  change.  A further  decrease  in 
intensity  by  four  times  has  no  effect. 

d.  Conclusions:  MOD (E+B)  ■ E+3  and  B-only;  MOD (E+B) j^E+B  or  E. 

Modulation  of  the  fields  results  in  a mitotic  cycle  lengthening  distribution 
similar  to  unmodulated  fields  of  weaker  intensity.  Unlike  the  unmodulated 
fields,  the  MOD (E+B)  results  are  similar  to  the  B-only  exposures. 

e.  Conclusions:  MOD (E+B) E+B;  MOD (E+B)  - E+B;  MOD (E+B)  - B-only  or 

E-only.  Modulated  fields  at  0.J4  V/m  and  0.4  G produce  results  statistically 

identical  to  unmodulated  fields  of  the  same  intensity.  Like  the  unmodulated 
<% 

fields,  MOD (E+B)  data  are  indistinguishable  from  those  produced  by  more 


intans*  unmodulated  E-only  and  B-only  fields. 

f.  Conclusions:  MODfl!+ff)  > E+Bj  MOD(E+*)  » eVb?  MOD(E+E0  - B-only 
or  S~only.  Decreasing  field  intensities  further  to  0.035  v/m  and  0. 1 <; 
has  no  apparent  effect  on  the  mitotic  cycle  lengthening  distribution. 

Figure  12.  Visual  summary  of  the  statistical  analysis  presented  in  Figure  11. 
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Effects  of  Extremely  Low  frequency  Electromaqnetic  Fields 


on  Physarum  polyccphalum : 


Observations  on  Ploidy,  Conditioninq  and  External  Factors 
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SUMMARY 

Physarum  polycephalum  cultures  exhibiting  a lengthened  mitotic  cycle  and 
depressed  respiration  rate  after  extended  exposure  to  75Hz,  2.0G  and  0.7  V/m, 
electromagnetic  fields  (BMP)  arc  examined  for  detectable  changes  in  chrowo- 
sotne  numbers.  Since  Physarum  is  polyploid,  only  a distribution  of  chromo- 
some numbers  can  be  discussed.  Me  see  no  evidence  of  a divergence  between 
exposed  and  control  cultures;  any  undetected  difference  in  chromosome  num- 
bers is  less  than  6%  (p<0.05).  When  cultures  exhibiting  the  altered  phys- 
iological parameters  are  placed  in  a control  environment,  latent  effects  of 
exposure  remain  for  an  extended  period.  Results  of  additional  experiments 
are  presented  that  are  designed  to  rule  out  certain  non-EMF  factors  as  be- 
ing responsible  for  the  biological  changes.  Factors  tested  include  ambient 
electromagnetic  fields,  incubator  differences,  electrolytic  effects,  and 
investigator  bias. 


*3 


1. 

IHTWODUCTION 

We  have  previously  reported  that  weak  electromagnetic  fields  (EHF) 
of  the  same  general  frequency  and  strength  as  those  found  in  an  industrial - 
ixed  environment  cause  changes  in  the  ayxomycete  Physarum  polycephalun.  In 
particular,  we  have  shown  that  exposure  of  the  slime  mold  to  a variety  of 
EHF  conditions  produces  a lengthening  of  the  mitotic  coll  cycle,  a depres- 
sion of  the  respiration  rate,  and  a retardation  of  the  spontaneous  proto- 
plasmic streaming  tMarron  et  al.  (1975),  Goodman  et  al.  (1976),  and  Goodman 
at  al.  (1979)).  This  report  presents  evidence  that  no  major  change  has 
occurred  in  the  ploidy  of  our  cultures.  Goodman  et  al.  (1976)  have  also 
reported  that  placing  exposed  cultures  that  exhibit  a lengthened  mitotic 
cycle  into  a control  environment  results  in  a alow  return  of  the  cycle 
length  to  control  levels.  He  present  evidence  here  that  these  cultures 
still  preserve  some  latent  effects  of  exposure.  Finally,  we  report  results 
of  experiments  that  tend  to  rule  out  a number  of  non-EMF  factors  as  possible 
causes  of  the  observed  physiological  chanqes  in  Physarum.  These  factors  are 
incubator  differences,  ambient  electromagnet ic  fields,  electrolysis  of  the 
medium,  and  investigator  bias. 

BXPMttWPWM,  METHODS 

Culture  and  Exposure  Techniques 

Our  culture  techniques,  experiswntal  methods,  and  exposure  apparatus 
have  been  described  in  detail  by  Goodman  et  al.  (1976)  and  Greencbaum  ct  al. 
(1977a).  Briefly,  cultures  of  submerged  Physarum  microplasmodia  (strain 
MjC  VII (lie))  are  grown  in  rectangular  flasks,  shaken  for  aeration;  elec- 
trodes forming  opposite  sides  of  the  flasks  set  up  the  electric  fields. 
Magnetic  field  coils  surround  the  flasks.  The  entire  apparatus  is  enclosed 
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in  an  incubator  which  is  maintained  at  25.5  ♦ 0.3°C.  Temperature  controls 
of  all  incubators  are  interconnected  to  minimize  possible  temperature  dif- 
ferences (Groenebaum  et  al.  (1977b) >.  Incubators  are  similar  in  all  respects, 
except  that  the  magnetic  field  coils  and  electric  field  electrodes  are  not 
energised  in  the  control  incubator. 

The  submerged  shake  cultures  of  microplasmodia  maintained  in  the  non- 
energised  control  incubator  serve  as  control  cultures  and  as  a source  of 
microplasmodia  for  experimental  purposes.  At  the  start  of  a scries  of  ex- 
periments to  determine  the  effects  of  a particular  F.MP  environment,  micro- 
plasmodia derived  from  control  cultures  are  used  as  inoculum  for  cultures 
introduced  into  the  appropriate  fields.  All  experiments  were  duplicated  by 
introducing  a second  set  of  fresh  cultures  into  the  field  two  to  eight  weeks 
after  initial  exposure  of  the  first  set.  All  cultures  in  both  the  control 
and  EMF  environments  were  routinely  sub- cultured  into  fresh  nutrient  medium 
on  a rigid  48  hour/48  hour/72  hour  schedule.  To  ensure  that  microplasmodia 
used  in  the  mitotic  cycle  length  and  respiration  measurements  were  qrowinq 
in  undepleted  medium,  that  is,  in  their  so-called  loqarithmic  qrowth  phase;, 
inocula  from  control  and  exposed  stock  cultures  were  placed  in  new  qrowth 
medium  24  hours  prior  to  makinq  any  measurements.  Microplasmodia  from  these 
fresh  cultures  were  then  used  in  settinq  up  division  cycle  or  respiration 
experiments. 

Nuclear  Division  Cycle  and  Respiration  Rate  Measurements 

Mitotic  cycle  length  is  measured  by  placing  washed  microplasmodia  on 
filter  paper,  supported  in  a Petri  dish  containing  nutrient  medium  by  an 
absorbent  cotton  pad,  as  described  by  Goodman  ct  al.  (1976,  1979).  Experi- 
ments usually  consist  of  10  plates  containing  microplasmodia  grown  in  the 


control  environment  end  10  plates  contain inq  microplasmodia  from  cultures 


grown  in  EMF.  Within  an  hour,  the  microplasmodia  coalesce  into  a single, 
large  macroplasaod iua , and  nutrient  medium  is  added  at  this  time.  Mitotic 
cycle  lengths  are  characterised  by  the  time  required  for  each  macroplasmodium 
to  reach  the  socond  metaphase  configuration  after  the  addition  of  medium. 

All  nuclei  in  a single  macroplasmodium  undergo  mitosis  in  virtual  synchrony. 
The  stages  of  the  mitotic  cycle  are  determined  by  observing  ethanol-fixed 
smears  with  a phase-contrast  microscope. 

Methods  for  measuring  respiration  rates  have  been  described  by  Goodman 
and  Beck  (1974).  Duplicate  0.5  ml  samples  of  control  and  exposed  microplas- 
modia are  placed  in  sterile,  calibrated  Warburg  reaction  vessels.  Growth 
medium  (2.5  ml)  is  added  and  the  flasks  are  equilibrated  at  25.0  0.1°C. 

The  COj  evolved  is  trapped  in  the  center  well  of  the  flask  using  filter  paper 
saturated  with  hyamine  hydroxide  (Aronson  and  Van  Slyke,  1971).  At  the  con- 
clusion of  the  experiments,  microplasmodia  are  removed  from  the  vessel,  and 
their  pigment  is  extracted  in  a trichloroacetic  acid-acetone-water  mixture. 
Protein  is  estimated  using  the  colorimetric  procedure  of  Lowry  et  al.  (1951), 
using  bovine  serum  albumin  as  a standard. 

CHROMOSOME  NUMBERS 
Measurements 

Since  Physarum  is  a polyploid  organism,  it  is  difficult  to  look  for 
genetic  changes  in  our  cultures  directly,  however;  a distribution  in  the 
number  of  chromosomes  may  be  examined  to  see  whether  any  gross  change  in 
nv  »r  material  has  occurred.  The  methods  employed  are  based  on  the  work 
or  Mohberg  et  al.  (1973),  who  established  that  the  distribution  of  nuclear 
sizes  in  Physarum  is  closely  related  to  the  distribution  of  chromosome 


numbers.  Using  the  procedures  of  Mnhberg  and  Rusch  t 1971),  rucloi  wore 
isolated  from  cultures  exposed  to  45  He.  3.00.,  0.7  V/m  EMF  and  from  control 
cultures.  The  isolated  nuclei  were  photoqraphed  under  a phase-contrast 
microscope  (250x)  on  an  A-O  Spencer  phase-contrast  hemocytometer.  Photo- 
graphs were  enlarged  (4x)  and  the  distribution  of  nuclear  diameters  was 
measured  in  each  photograph.  Hes*ocytometer  rulings,  visible  in  each  photo- 
graph, were  checked  to  ensure  consistency  of  all  measurements  and  to  estab- 
lish unambiguously  the  degree  of  magnif ication.  Typical  photographs  of 
exposed  and  control  nuclei  are  shown  in  Fiqure  1. 

Results 

Measurements  of  exposed  nuclei  (N-104)  yielded  a mean  diameter  of 
3.16  ♦ 0.05  micrometer  (95%  confidence  limits);  the  mean  diameter  o? 
control  nuclei  (N~213)  was  3.14  ♦ 0.03  micrometer.  These  two  means  are 
not  siqnif icantly  different  from  each  other.  However,  to  report  a negative 
test  without  indicating  the  sensitivity  of  the  test  is  to  make  an  incomplete 
report;  one  should  set  an  upper  limit  on  any  potential  undetectable  differ- 
ences. The  power  function  of  the  t-test  (Pearson  and  Hartley,  197b)  may  be 
used  to  estimate  how  larqe  a difference  between  the  means  would  have  to  be 
before  it  could  be  detected;  this  function  ^ ’•»  ;r  ates  the  sensitivity  of  a 
test  at  a predetermined  confidence  level  '.vised  on  the  scatter  in  the  data. 

The  two  distributions  of  nuclear  diameters  are  such  that  we  should  be  able 
to  detect  a difference  as  small  as  0.09  micrometers  between  the  means  with 
95%  confidence;  this  difference  corresponds  to  3%  of  the  mean  values. 

A more  useful  fiqure  for  comparison  is  the  maximum  difference  in  chro- 
mosome number.  llsinq  the  measuiements  of  Mohberg  et  al.  (1973)  we  have  found 
an  empirical  relationship  between  diameter  and  chromosome  number.  The  best 
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fit  between  chromosome  number  end  diameter  is  found  for  a 1 inoar,  rather 
than  a second-  or  third-power  equation 

MEAN  CHROMOSOME  NUMBER  - 41.2  x (MEAN  DIAMCTER/micrometers)  - 73.6, 
although  the  fit  for  different  powers  of  the  mean  diameter  is  very  nearly 
the  same , as  can  be  seen  from  the  correlation  coefficients  (Pearson  product- 
moment  correlation  coefficient)!  0.9831  (1st  power) , 0.9798  (2nd  power), 
and  0.9706  (3rd  power).  Based  on  this  relationship#  we  conclude  that  if 
a difference  in  chromosome  number  exists  between  exposed  and  control  nuclei# 
it  is  less  than  4 (p<0.05)  out  of  a total  of  approximately  60  chromosomes. 
Discuss ion 

One  might  suggest  that  differences  in  respiration  and  mitosis  between 
exposed  and  control  cultures  cculd  be  attributed  to  slow  "genetic  drift." 
These  data  tend  to  rule  out  that  possibility.  Additional  evidence  against 
the  "slow  drift"  suggestion  is  presented  by  our  earlier  works  (C*x>dman,  et 
al#  1976#  1979).  We  have  repeatedly  placed  into  the  EMF  environments  new 
cultures  derived  from  our  main  control  cultures.  In  all  cases,  the  biolog- 
ical effects  induced  by  exposure  to  a given  EMF  environment  were  consistent 
with  those  observed  in  cultures  introduced  into  the  same  fields  at  other 
times.  If  "genetic  drift"  were  affecting  the  parameters  being  measured, 
discernable  differences  between  the  various  sets  of  cultures  exposed  to  the 
same  EMF  environment  would  be  observed,  unless  the  drift  itself  is  induced 
by  the  exposure.  Oar  measurements  of  chromosome  numbers  are  consistent  with 
the  argument  that  chromosomal  changes  in  the  cultures  are  not  the  mechanism 
through  which  the  observed  effects  are  produced.  However,  it  is  still  possi- 
ble that  selection  or  changes  at  the  level  of  the  gene  are  occurring  repro- 
ducibly  under  the  influence  of  the  applied  fields. 
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As  a aids  note,  it  is  interesting  that  our  observations  indicate  that 
there  is  little  change  in  chromosome  number  after  long-term  culture  in  both 
exposed  and  control  environments.  These  results  are  somewhat  at  variance 
with  those  of  McCullouqh  et  al.  (1973),  who  noted  death  of  cultures  of  the 
CL  and  3l73xBl74  strains,  grown  on  agar,  after  85  and  235  days,  respectively. 
About  20  days  before  death  McCullough  et  al.  observed  gross  nuclear  enlarge- 
ment. They  state  that  the  senescence  and  death  of  Physarun  cultures  grown 
for  many  months  is  a common  phenomenon.  However,  both  exposed  and  control 
cultures  in  our  experiments  have  been  maintained  in  submerged  cultures  for 
more  than  1700  days  and  continue  to  exhibit  a diameter  typical  of  both  our 
strain  and  those  used  by  McCullough  et  al.  (Mohborq  et  al.  (1973)).  We 
speculate  that  the  differences  in  culture  method  (submerged  cultures  vs. 
aqar)  may  account  for  the  discrepancy  between  our  experience  and  that  of 
McCullough  et  al. 

LATENT  ETTECTS  OT  EXPOSURE 

In  a series  of  experistents  designed  to  test  the  persistence  of  effects 
induced  by  exposure  to  ENF,  cultures  were  continuously  exposed  to  75Hz, 

2.0  G and  0.7  V/m,  fields  until  they  exhibited  a lengthened  mitotic  cycle. 
They  were  then  removed  from  the  fields  and  placed  in  the  control  environ- 
ment. Goodman  et  al.  (197b)  have  reported  that  the  observed  chanqes  wore 
no  longer  detectable  after  about  30  days  in  the  control  environment.  Afi‘:*r 
about  60  days  in  one  experiment  and  after  about  300  days  in  another,  the 
cultures  wer  * removed  from  the  control  environment  and  reintroduced  into 
the  EMF.  The  lengthened  mitotic  cycle  reappeared  in  20  to  30  days  (Fig.  2), 
notably  sooner  than  the  90-120  days  oriqinally  required  when  a culture  was 
initially  exposed  to  EMF  (Goodman  et  al.  (1976)). 


*9 


So—  part  of  the  organism  apparently  *r— barn"  its  ■ >r i-v ious  exposure. 

If  one  proceeds  from  our  earlier  finding  that,  while  subtle  "genetic**  changes 
stay  have  occurred,  gross  changes  in  ploidy  have  not,  one  tends  to  seek  a each* 
anisn  that  does  not  require  a genetic  change.  Several  investigators  have  mug* 
gested  that  EMF  effects  may  be  caused  by  structural  changes  in  the  ateatbrane 
(see,  for  example,  Bavin  at  al.  (1978)  and  Grodsky  (1976) )«  such  a hypothesis 
ia  oonsiatent  with  our  findings. 


TESTS  OF  ALTERNATIVE  HYPOTHESES 


Incubator  and  Extraneous  Field  Effects 


cultures  were  0.06  c 
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In  experiments  using  a remote,  single  incubator  we  observed  a depression 
in  the  respiration  rate  of  exposed  cultures;  the  data  are  summarised  in  Table 
I.  While  respiration  cat#  was  the  only  parameter  measured  for  experiments 
conducted  in  the  sinqle  incubator,  the  experiments  conducted  without  an  incu- 
bator in  the  second  remote  room  examined  both  respiration  rate  and  mitotic 
cycle  length.  As  shown  in  Table  I,  these  exposed  cultures  displayed  a length- 
ened mitotic  cycle  and  a depressed  respiration  rate;  these  measurements  dis- 
play qreater  variability  than  our  other  mitotic  cycle  measurements,  probably 
because  the  cultures  were  grown  outside  of  an  inculvator  and  therefore  were 
subject  to  qreater  variability  in  growth  conditions. 

In  both  sets  of  experiments  exposed  and  control  cultures  were  always  in 
the  same  ambient  laboratory  anvironment  or  the  same  incubator;  the  possibility 
of  the  observed  changes  being  caused  by  differences  in  incubators,  including 
differences  in  temperature,  airflow,  etc.  may  be  discounted.  Furthermore, 
since  the  large  incubator  was  three  floors  below  and  at  the  other  end  of  the 
building  from  our  usual  location  and  since  a location  on  still  another  floor 
was  used  for  the  non- incubator  experiments,  the  possibility  of  our  observ.it  ions 
being  caused  by  aberrations  in  the  ambient  electromagnetic  fields  or  other 
peculiar  conditions  in  our  laboratory  is  also  removed. 

Blind  Scoring  of  Mitosis 

One  criticism  which  has  l«oen  made  of  our  earlier  reports  was  that  the 
(■ossibility  of  experimenter's  bias  existed  in  determining  when  mitosis  oc- 
curred (NAS,  1977),  since  in  most  of  our  measurements  the  same  technical 
personnel  took  the  smears  and  read  the  slides.  In  one  of  the  sets  of  »x;vn- 
ments  juat  discussed  cultures  exposed  to  4S  Hz,  3.0  G,  0.7  V/ra  IMF  and  con- 
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trol  cultures  were  kept  in  * remote  location  outside  of  an  incubator.  Roth 
mitotic  cycle  and  respiration  rate  measurements  were  made  by  technical  per- 
sonnel who  were  unaware  of  the  measured  cultures'  exposure  reqimen.  whenever 
a measurement  was  made,  two  randomly-code*1  flasks  were  brought  to  the  labora- 
tory, one  containing  an  exposed  culture  *,nd  one,  a control;  the  technician 
used  these  to  set  up  and  run  the  experiments  in  the  usual  manner.  Only  after 
a period  01  several  months  were  the  data  collected  and  analyzed.  As  discussed 
above,  the  results  shown  in  Table  I indicate  that  the  exposed  cultures  dis- 
played the  typical  lengthening  of  the  mitotic  cycle  and  depression  of  the 
respiration  rate. 

Electrolysis  Effects 

The  alternate  hypothesis  that  our  observed  effects  have  been  caused  by 
electrolysis  products,  rather  than  by  the  fields  themselves  (NAS,  1977),  has 
already  bean  partially  addressed  in  the  reports  of  Goodman  et  al.  (1976,  1979). 
The  potentials  placed  across  the  stainless  steel  electrodes,  which  are  in  con- 
tact with  the  conducting  growth  medium  (resistivity  approximately  2 Ohm-meters) 
are  email  (40  mV  at  the  highest  field  strength  of  0.7  v/m  and  ranging  down  to 
3 mV  at  the  weakest  fields) . Long-lived  electrolysis  products  are  ruled  out 
as  a cause  of  effects  by  an  experiment  (Goodman  et  al.  (1976)  in  which  sterile 
growth  medium  was  exposed  tc  electric  and  magnetic  fields  before  inoculation 
with  Physarum;  the  cultures  were  then  qrown  in  control  environments  and  no 
effects  were  noted.  The  possibility  of  short-lived  electrolysis  products  was 
also  partially  addressed  by  Goodman  et  al.  (1979)  in  cultures  exposed  to  mag- 
netic fields  alone.  In  those  experiments,  our  usual  culture  flasks  incorporat- 
ing stainless  steel  eloctroifes  were  used,  but  there  was  no  voltage  and  hence 


no  electric  field  or  current  between  the  electrodes.  These  measurements  of 


1 


52 


mitotic  cycle  lenqth  and  rer.p ir.it ion  rate  are  summarized  in  Table  T. 

To  further  test  the  possible  influence  of  electrolysis  effects,  two 
sets  of  experiments  were  conducted,  each  involvinq  special  arowth  vessels. 

To  try  to  reduce  the  number  of  parameters  in  each  test,  one  of  these  sets 
involved  exposure  to  a maqnetic  field  alone:  the  other,  exposure  only  to 
an  electric  field.  In  the  first  set  of  experiments,  a 7 b Hz  2.0  c maqnetic 
field  was  applied  to  cultures  qrown  in  all-qlass  vessels,  similar  to  the 
usual  ones  except  that  the  stainless  steel  electrodes  were  replaced  by 
plain  qlass  walls.  Like  the  previous  experiment  that  used  only  maqnetic 
fields,  no  voltaqe  or  current  effects  could  be  present;  in  this  instance 
any  electrochemical  or  other  effects  due  to  the  presence  of  the  metal  elec- 
trodes themselves  was  also  eliminated.  As  indicated  by  Table  I.  the  exposed 
cultures  displayed  depression  in  respiration  rate  and  lenqthened  mitotic 
cycle,  compared  with  control  cultures  qrown  in  similar  vessels.  The  mitotic 
cycle  data  are  also  presented  in  Kiqure  3,  where  we  have  plotted  the  fre- 
quency of  observation  of  a particular  chanqe  in  cycle  lenqth  in  the  ext'osed 
culture,  relative  to  the  averaqe  control  culture  cycle  lenqth  for  the  day 
of  observation. 

In  the  other  set  of  experiments  cultures  were  exposed  to  electric  fields 
that  were  produced  by  electrodes  insulated  from  the  qrowth  medium.  This  set 
of  experiments  tested  whether  conduction  currents,  short-lived  electrolysis 
products,  or  the  presence  of  the  stainless  steel  could  l>e  affectinq  the 
cultures.  The  special  all-qlass  qrowth  vessels  for  this  set  were  similar 
to  the  usual  design,  except  that  the  interior  of  two  op(K>site  walls  was 
coated  with  a conductinq  layer  of  100  Anqstroms  of  vapor-deposited  gold, 
over  which  an  insulating  layer  of  20  X of  silicon  oxide  had  been  deposited 
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(Model  CG-20AU-X  coated  qlau  plates.  Practical  Products  Co.,  Cincinnati. 
Ohio).  TIm  DC  resistance  of  these  flasks,  when  fill*)  with  the  conduct inq 
qrowth  medium,  was  in  excess  of  I0b  Ohms,  compared  with  about  io  ohms  for 
tlie  usual  vessels.  The  insulated  electrodes  were  used  to  apply  0.1  V/o 
75  Kx  electric  fields  across  the  growth  medium,  as  measured  by  a small 
dipole  with  uninsulated  tips  inserted  into  the  medium  and  connected  to  a 
high  impedance  amplifier.  The  voltaqe  applied  to  the  insulated  electrodes 
was  1.0  V (ms)  , which  may  be  compared  with  approximately  € mV  which  would 
have  produced  the  same  field  strength  using  the  stainless  steel  electrodes. 
Exposed  cultures  showed  depressed  respiration  rates  compared  with  control 
cultures  grown  in  similar  vessels:  these  data  are  listed  in  Table  I. 

We  therefore  conclude  that  the  stainless  stael  electrodes  or  their  electrical 
contacts  with  conduct inq  medium  have  not  had  an  effect  on  the  cultures  which 
have  been  attributed  to  WF. 

COMCUUSION 

The  experiments  in  this  paper  supplement  those  reported  earlier  by 
this  group  to  form  a puzzling  picture.  Physarum  and  other  livinq  organisms 
(see  for  example,  Tenforde  (1978)  and  Phillips  (1979))  are  subtly  affected 
by  very  weak  electromagnetic  fields.  The  mechanism  of  the  interaction  is 
not  clear;  however . there  is  some  speculation  that  the  mechanism  involves 
some  sort  of  membrane  effect  (Bswin  et  al.  (1*»78)  ami  Grodsky  (l‘»7b)). 

Our  earlier  reported  results  confirm  the  subtlety  of  tin*  effects  since  their 
initial  detection  occurs  only  after  long  exposure  (Goodman,  I97t»).  The  pre- 
sent experiments  tend  to  rule  out  a “genetic*  mechanism.  It  is  interesting 
that  there  is  a |*ecsi:*tent  residua)  effort  of  exposure  even  t hough  the 
observed  effects  have  disappeared,  as  slews  in  the  rapid  re.*|'t*«,ar.tnce  of 
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effects  in  previously  exposed  cultures  which  were  reintroduced  into  the  fields 
Further  work  is  needed  to  localise  the  site(s)  and  biochemical  systeei(s)  that 
are  involved  in  the  interaction. 
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Set  discussion  in  text  concerning  increased  variability  due  to  lack  of  temperature  control 


I 


59 


FIGURE  CAPTIONS 

1.  Photomicrographs  of  a)  control  Phy serum  nuclei  and  b)  nuclei  from 

cultures  exposed  to  7S  Hz,  2.0  G and  0.7  V/m  fields.  Only  images 
•howinq  the  t«rlght  “halo**  were  considered  in  focus  enough  to  be 
measursd . White  lines  are  hes»cy  tome  ter  rulinqs  with  a spacing  of 
0.05  am. 

2.  Difference  in  mitotic  cycle  length  for  exposed  and  control  cultures 

of  Physarun  as  a function  of  tiam  after  removal  of  the  exposed  cultures 
from  the  fields.  Exposed  cultures  were  placed  in  fields  of  75  Hr,  2.0  G 
and  0.7  V/s,  1329  days  before  the  start  of  this  experiment.  On  the  day 
indicated  as  “Day  0"  in  the  Figure,  exposed  cultures  were  removed  from 
the  fields  and  placed  in  the  control  environaient;  they  were  replaced  in 
the  EMF  environment  306  days  later.  Control  cultures  were  always  kept 
in  an  environment  free  of  applied  fields.  Each  point  represents  the 
difference  between  average  time  for  ten  exposed  samples  to  reach  the 
second  seta phase  and  the  average  time  for  ten  control  cultures.  The 
error  bars  are  95*  confidence  limit  - Cor  that  day,  computed  usinq  a 
pooled  estimate  of  the  common  variance  (Winer  (1962)). 

3.  Distribution  of  differences  in  mitotic  cycle  length.  Pleasured  in  hours, 
for  cultures  exposed  to  75  Hs,  2.0  G,  magnetic  fields  in  all-qlaus 
vessels.  The  differences  are  taken  relative  to  the  average  cycle  length 
for  each  day's  control  samples. 
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Effects  of  Wsak  Eiectranagnetic  Fields  an  Physarun  polyoephalun:  Mitotic 

Delay  in  Heterakaryons 

The  results  of  mixing  micxoplasmodia  from  both  control  and  exposed 
cultures  in  equal  volumes  are  shown  in  the  table.  After  mixing,  1 single 
macroplasncdia  is  formed  which  undergoes  synchronous  mitosis  at  a time 
between  those  of  the  2 parent  cultures,  This  averaged  behavior  continues 
even  when  the  mixture  is  predominantly  non-exposed  plasmodia,  3:1  by 
volume,  or  vice  versa.  In  mixed  (M)  cultures  made  up  1 part  control  (C) 
to  3 parts  exposed  (E)  culture,  the  average  differences  observed  were 
0.75  h (M-C)  and  0.30  h (E-M) . Comparable  experiments  with  3 parts  control 
and  1 part  exposed  culture  gave  average  differences  of  0.27  h (M-O  aivi 

0. 79  h (E-M).  These  averages  are  computed  from  experiments  involving  192 
separate  cultures  and  were  conducted  on  12  different  days  over  a perud 
of  1 year.  The  variation  in  these  data  is  similar  to  tint  seen  in  the 
table  for  1:1  mixtures.  The  length  of  the  mitotic  cycle  in  the  mixture 
appears  to  depend  on  the  amount  of  each  type  of  culture  in  the  mixture; 
however,  the  data  are  too  sparse  to  determine  a precise  relationslup. 

Several  investigators  have  previously  shown  that  joining  2 existnv) 
macroplasmodia  in  different  phases  of  the  cell  cycle  can  alter  the  timing 
of  mitosis  (1-3) . The  mixing  experiments  described  here  differ  in  that 

1.  contact  between  the  2 types  of  plasnodia  occurs  at  rite  tint*  tiv*  nucn>- 
plaanodia  are  formed  rather  than  after  each  individual  macroplasavli  um  has 
established  a synchrony  of  its  own,  and  2.  the  2 partners  do  not  ivaw  Uv 
sane  cycle  lengths. 

These  experiments  permit  several  conclusions  to  be  divwn.  Finn 
and  foronost  is  that  exposure  of  Physaruro  to  weak  electrcnugnetrc  i iclds 
produces  biological  effects.  This  conclusion  is  also  supported  by  o.u 
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previous  findings  that  exposure  causes  the  mitotic  cycle  aixl  piutepi.u.’.ue 
shuttie  streaming  to  slow,  we  may  also  conclude  that  the  ex|*>s*.\l  cult..:*’-, 
have  been  altered  in  sane  way  that  immxLiatoly  nuruiests  itsel»  wt**n 
control  and  experimental  cultures  are  brought  together.  Similar  aivi.mm,; 
of  the  cell  cycle  has  been  reiortai  by  llaugli  et  al.  (4)  in  mixture!,  o; 
rxanial  cultures  and  cell-cycle  nvitant  cultures  tint  have  a longtlxuixl  .vil 
cycle.  A 3rd  important,  conclusion  is  that  tlie  alterat  ion  brought  .Uvnit  in 
exposed  cultures  is  not  drastic  iixm»  the  point  ot  view  of  basic  cellulai 
processes,  tohen  exposed  and  mexposed  micrupl.isr.udia  .uo  mixed  Uxietlx'i 
and  allowed  to  fuse  to  form  a single  large  nucroplusncviia,  the  fusion  t.ikes 
place  and  all  nuclei  behave  normally  to  the  extent  that  tires1  uixiergo 
synchronous  mitosis.  They  behave  abnan.ully  in  that  the  mitotic  cycle 
time  is  different  trem  either  parent  culture.  Since'  all  of  Ur  jraviss 
we  have  observed  to  be  influmced  by  IMF  rvgui  re  energy,  vu  susjvot  tint 
weak  law  frequency  IMF  may  interfere  with  either  encr.iv  .vtnerat  ina  pin\':;;v 
or  the  transport  ot  essential  nvtabolites  in  Ihysarum. 

Suwnary 

Continuous  exiosute  of  Physagun  yolycuptialigH  tp  a 75  Me,  2.0  0, 
ana  0.7  V/m  electruwxjnctic  field  results  in  a ..k’piv'ssed  respiration 
rate  and  a lengthening  of  tlx:  mitotic  cell  cycle,  li  unexjxiscd  lliysai.r 
are  mixed  with  exposed  tliysarir.  the  onset  of  s^vluuixxas  mitosis  in  tin- 
mixted  culture  is  delayed,  occurring  at  a time  between  those  of  tlx- 
parent  cultures. 
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TAiiiii  I.  TIME  TO  SIXm)  PObTRJSlON  Ml  ,US1S  KM  OONTHOL,  EXPOS!!),  AND  MIXED 
arruuEs. 


Mixed  cultures  are  formed  from  equal  volumes  of  control  and  excised  micru- 
pla&modia.  In  each  row  is  Riven  moan  times  in  Ikhics  for  cultures  examined 
on  a iwtrticular  day.  TIk>  number  in  parentheses  next  to  the  entry  is  the 
standard  deviation  of  the  mean.  Kntrios  in  colunais  headed  by  a "A"  arc 
differences  between  the  means  apj^earinn  on  either  side  of  the  entry;  the 
average  difference  is  given  at  the  bottom  of  these  colvnuis . This  table  pre 
sen  is  data  taken  for  2tK)  separate  cultures  collected  on  18  different  days 
over  a period  of  one  year. 


OKfROL 


MIX1!) 


15.11  (.00) 


EXIOSKD 
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PRfcUHlNARV  UATA 

Based  on  our  previous  results  on  the  tMF  effects  on  Physorum  aixi 
those  of  Basin  et  al.  (1978)  with  brain  tissue,  two  additional  oxjjori- 
munts  were  undertaken  to  ascertain  the  fcMF  effects  on  calciun  off  lax 
and  intracellular  ATP. 

i.'AU'lTJM  12-TUiX 

Mater  ials  and  Msthote 

Micrnplasntxiia  west*  maintained  as  doscriliod  previously.  Experinwntul 

cultures  wetv  exposed  to  45  Hz,  2.0  G,  0.7  V/ht  and  displayed  cle( iresstxl 

txxisiwptiun  prior  to  tlx*ir  utilization  in  tlrese  exporinents.  At  tlio 

bequmirvi  ot  an  cuqx!i  inent  niierupl atmudia  from  auntrxi].  and  lW  environments 

were  placed  in  qruwth  nxxKnti  to  which  uxotjcjxxis  calcium  salts  had  boon 

excluded.  Muixvlasntxiia  from  both  control  and  experinental  environments 

wore  allowed  to  qtow  in  this  itkxiium  for  72  !kxu>;  whereupon  tix^  cultures 

were  harvested  .mri  uxv.ndatad  to  25  ml  of  tlx*  sane  calcium  deficient  qtxvth 

45 

mtxiiixn  omtuininq  a small  .mount  of  ixlioaot  ive  Co  (l  itC/iul ) . Otlfutos 

were  allowed  to  qixv  in  tlx?  radioactive  medium  for  on  additional  48  hours;. 

45 

'the  c'a  label  Itxi  mu-roplasnixiia  wexx*  Ivirvested,  was)  red  throe  tutus  rn  10 
w; lures  of  qruwth  medium  .uxi  the  plasm  xiial  suspension  was  place*.!  on  filter 

su|\xvtixl  l*y  *.vtt.on  sjxxxjes.  After  uueiopl.isju.xUa  formed  oy  iXMlosoonce 
ot  tin*  mictxipl.isflLxlta,  ealoi um  *let  rcient  quart  h iixxliiau  without  isotoix' 
was  added.  At  15  minute  interv.Us  0.2  ml  aliquots  of  qrxxrth  nwdium  were 
witlxlrawp  .uxl  tlx*  r.xiioact  ivity  determined. 

Meaults  »uxl  Discuss  iur. 

Several  *x>qx\iiiients  were  iiertonik.nl  usinq  tlx?  protocols  described 

above;  data  limn  a typical  eximrimont  is  shown  in  Fiqute  1.  Based  on 

45 

these  txpwrinentH,  it  .iiv^un  tliat  tlx*  rate  ot  Ca  etflax  is  qroater 
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in  control  culture*  than  in  W aqn—1  cultures.  The  thfnuol  oalcint 
•fflux  data  are  aoawuhat  aiau lar  to  thaee  reported  by  Bonn  et  at. 

«hn  cwrinl  tiaaue*  trae  duduna  and  cats  «an>  abiectai  to  «uul4i 
W envitmanta.  fltoae  data  repraaant  tin*  unulth  ot  ’ ut^vi  imvit ».  .«»! 
although  preliminary,  they  indicate  that  4‘»  Hr,  2.0  0.7  y,a  at lecti. 

the  ■rwa—ont  of  colcita. 


Batin,  S.  A.,  A.  Sheppard,  W,  R.  May.  nmibk  mdumiea  of  wnA 
elect wqnetlc  field  cruplunj  in  brain  t inar.  Hitvlntixitoa. 
Bionatt).  5,  67- 7b  (1978). 


45 

Flgun  1.  A plot  of  Oft  efflux,  0 npawnta  control  cultures  and  □ 
xapecssBEts  cultures  aeposed  to  45  Br,  2.0  G,  0.7  V/bl.  Thews  data  have 
bean  enquired  fn  three  individual  control  and  three  individual  fW 
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mrnaauuM.  /op 

Mgrtjto  and  Methods 

fill  ii  i>l  i— nl i i (nx  the  cxntrol  ewvircwent  and  Or**  axpusod  (7‘*  It-., 
2.0  O,  0.7  V»  **re  harvuntsd,  centrilujal  (250  x»|)  , tin-  .iruwth  wnluw 
wi  dsaanbnd,  and  the  pellet  uw  wpwhd  in  2 wiii>HB  of  distilled 
iter.  Triplicate  alu|uot»  of  each  suspension  (0.2  el)  wen;  placed  in 
4.9  el  of  Trix-torate  buffer  pH  9.2  (ldofc)  to  caAract  the  W.  Alter 
a 5 ei tcAje  extraction,  the  otet  wne  pieced  in  an  iae  bath*  lollowxi 
by  centriftHOticn  250  xqi  for  10*  at  4°  C.  The  supernatant  we  nemnl 
for  KIP  assay;  nucleic  adds  were  extracted  fits  the  pellet  and  the 
nswumng  residue  was  analysed  for  protein.  Kft*  was  waounxi  usut;  the 
ludferin-luclteraee  an say  in  which  the  Li<#it  emitted  is  proportional  to 
the  MP  aonaantraticn  in  the  sample.  Hie  procedures  described  by  Kixmich 
et  al.  (1975)  wem  used  to  pcepnre  the  enzyme  solution.  Qoinous 
luclferin  %ers  added  to  insure  auxins  engywe  activity’  (Karl,  Holm,  liansun, 
1976).  Wsaeunwent  of  emitted  lidit  was  sasd?  usinu  the  ihotxaultipluM 
ansbly  of  a Turner  fluorasmter  that  had  been  interfaced  to  a Hewlett 
Pact: ant  electronic  counter;  ihiS^'iLmw  were  counted  for  10  aunfe. 

Results  and  Piacuesion 

Statistical  analysis  usiiv.  a Pisher  Sujn  test  (M.  Hollander  .ml 
D.  A.  Wblie,  jtogarantnc  Statistical  Methods,  p.  391  * . (J.  Wiley, 

New  York,  1973).)  shown  that  at  the  P ~ 0.14  lewei.  KCP  (Mwenti-jtuw 
in  spond  cultures  is  greater  than  that  in  cuntnv!  cultures.  Siio- 
we  have  cuktossrily  requirai  a Level  ot  aueht  icjetuc  ol  at  Used 
P - 0.05  before  we  haw  concluded  that  an  effect  exists  we  regard  then.' 
data  as  iidkative  but  not  oonclusiw. 
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OOfflNUSQN  or  ATP  USVELS  IN  CONTROL  AM)  QC  EXPOSED  CULTURES 


* 

Specific  Activity  (A3P  acunts/ug  protein) 

Trial 

Control 

Experimental 

1 

204 

261 

2 

252 

282 

3 

210 

214 

4 

274 

212 

5 

194 

229 

6 

120 

202 

7 

33 

42 

8 

64 

100 

9 

88 

80 

10 

59 

80 

11 

49 

58 

12 

51 

75 

13 

43 

54 

14 

35 

54 

15 

105 

82 

16 

76 

50 

17 

142 

108 

18 

66.7 

55 

19 

43 

53 

Counts  an  proportions!  to  the  area  tmder  the  curve  of  light 
intensity  versus  tine. 


Kianich,  G.  A. , J.  Randles,  and  J.  S.  Brand.  Assay  of  pioomole  amounts 
of  AfP,  ADP,  and  AMP  using  the  luciferaae  enzyme  system.  Anal.  Biochan. 

69,  187-206  (1975). 


Karl,  D.  K. , and  O.  Hols  llmssu  Effects  of  luciferin  concentration 
on  the  quantitative  assay  of  A SP  using  crude  luciferaae  preparations. 


Anal.  BiodMSU  75,  100-112  (1976) 
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SUttftRY  AND  CONCLUSIONS 

1.  Exposure  of  Physarvm  polyoephalun  to  extremely  low  frequency  (ELF) 
electric  (0.035  to  0.7  V/fat)  and  magnetic  fields  (0.1  to  2.0  G)  produces 
a decrease  in  respiration  and  nuclear  division  rates  in  the  organism. 
These  findings  are  consistent  with  results  of  earlier  studies  performed 
at  different  frequencies  and  field  intensities. 

2.  Several  sets  of  Physarum  cultures  have  been  exposed  continuously 
for  five  years  to  75  Hz  fields  of  0.7  V/m  and  2.0  G.  After  an  initial 
induction  period  the  exposed  cultures  exhibited  a mitotic  cycle  that  was 
consistently  longer  than  the  control  cycle  by  0.6  hr.  The  induced 
increase  in  mitotic  cycle  length  does  not  become  progressively  larger 
nor  does  the  organism  respond  by  compensating  for  exposure  and  slowly 
adjust  its  cycle  length  to  agree  again  with  the  control  cycle  letKjth. 

The  observed  decrease  in  respiration  rate  exhibits  similar  behavior. 

3.  Application  of  either  a 75  Hz,  0.7  V/m  electric  field  or  a 75  Itz, 

2.0  G magnetic  field  produces  a decrease  in  growth  and  respiration  rate; 
however,  the  effects  are  not  as  large  as  they  are  when  both  fields  are 
applied  simultaneously . Either  field  at  these  levels  produces  effects 
that  are  statistically  indistinguishable  from  one  another.  We  conclude 
that  both  electric  and  magnetic  fields  play  a role  in  causing  physiologic 
changes  in  the  organist.  It  appears  that  these  roles  are  additive  when 
one  examines  the  respiration  dat.  The  roles  of  the  individual  fields 

in  slowing  nuclear  division  are  not  additive:  each  field  causes  the 
rate  to  slow  by  about  0.4  hr  but  simultaneous  application  of  the  fields 
produces  a cycle  that  is  only  0.6  hr  longer. 

4.  Exposure  of  Physarum  to  simultaneous  75  Hz  electric  and  magnetic 

fields  that  are  five  times  weaker  (0.14  V/fo  and  0.4  G)  produces  effects 
that  are  statistically  from  those  observed  when  either 
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• stranger  electric  timid  (0.7  V/ke)  or  ascetic  field  (2.0  G)  is  implied 
by  itself.  These  md  other  dete  suggest  thet  the  lower  threshold  for 
efficacy  of  one  type  of  field  say  hew  been  peseed. 

5.  Pngancy  modulation  of  the  applied  electric  and  maxpietic  field 
prahon  biosf fects  eisilar  to  those  oheerved  whan  modulated  aineweve 
fields  ere  applied.  Although  the  date  obtained  are  not  oa^detely  self- 
aaneietent,  we  oonclude  that  frequency  Modulation  of  ELF  electoueejnetic 
fields  at  theas  levels  does  not  sitatantially  alter  the  way  Of  fields 
interact  with  hiological  syetee. 

6.  No  lower  (or  upper)  threahold  is  observed  for  effects  of  ELF  fields 

on  Bwsna.  Electric  fields  were  applied  ranging  ftn  0.035  V/m  to  0.7  V/m; 
■agnatic  fields  ranged  free  0.1  G to  2.0  G.  Bus  finding  contradicts  one 
fine  an  earlier  report  that  ELF  fields  of  0.15  V/m  end  0.4  G produce  no 
effect  in  Hyenas  (11). 

7.  Be  doae-raapanee  reletianehip  between  field  intensity  and  magnitude 
of  the  decrease  in  growth  or  respiration  rate  in  Ffryaartm  is  either  very 
teek  or  nmer intent  at  the  field  intensities  we  have  aplxyad.  A 
decneae  of  field  intensitiss  by  a factor  of  four  from  0.14  V/m  and  0.4  G 
to  0.035  V/m  and  0.1  G produces  no  sipufioant  difference  in  response. 

tte  attribute  the  large  and  significant  difference  in  response  observed 
Jhen  fields  axe  xnduoad  five  tines  fran  0.7  V/m  and  2.0  G to  0.14  v/m 
and  0.4  G os  being  due  to  passing  the  lower  threahold  far  one  of  the  fields. 
Mtichever  field  rensins  effective  at  the  lower  levels  has  a very  flat 
rtoan  response  curve. 

8.  If  CTBwpossd  Hyenas  micxop  a— odia  re  mined  with  y oatposod 
Bwna  sdcropl teeodia,  the  o*st  of  synchronous  mitosis  in  the  fused 
■srrnpl  mbs  iUu  is  delayed.  Be  magnitude  of  the  mitotic  delay  occurs 
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at  an  intermediate  tine  between  those  of  the  two  parent  control  cultures. 

9.  The  Naticnrl  Anadswy  of  Science  review  of  our  experiments  raised 
two  questions  concerning  1}  the  absence  of  blind  soaring  mitosis  and 

2)  the  possibility  that  short-lived  electrolysis  products  nay  have  induced 

the  physiological  effects  we  have  observed.  A series  of  blind  experiments 

on  both  respiration  and  the  mitotic  cell  cycle  have  shown  a depression 

in  ©2  oonsamption  ml  a lengthened  cell  cycle  in  Off  exposed  cultures  ^ , 3 . OG , 0 . 7V/n^ 

Electrolysis  aa  e cause  of  those  effects  has  been  ruled  out  by  experiments 

in  which  altered  physiological  responses  were  observed  in  cultures  exposed 

to  SC  in  flasks  with  silicon  oxide  coated  electrodes.  Similar  effects 

were  also  abuerwed  using  all  glass  vessels  subjected  only  to  magnetic 

fields. 

10.  Several  non-BC  factors  such  as  incubator  differences,  divergence  in 
chroaoaaam  metier,  and  anbient  electromagnetic  fields  have  been  ruled  out 
as  possible  sources  of  observed  effects. 

11.  Preliminary  data  indicate  that  ATP  levels  in  EMF-exposed  cultures 
are  elevated  relative  to  non-expoeed  cultures.  Studies  on  calcium  efflux 
suggest  that  the  plaama  membrane  of  control  cultures  is  more  permeable  to 


calcium  efflux  than  that  of  EMF  exposed  cultures 
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WSOCMflaOftTIONS 

Wb  have  pointed  out  in  several  places  that  many,  fundamental  questions 
have  been  raised  by  the  work  carried  out  inter  this  contract.  All  of  t*» eae 
deserve  further  study  to  understand  the  basic  processes  involved  in  the 
bioeffects  of  EMR.  There  are  a few  broad  and  pressing  question,  however, 
that  deserve  further  investigation. 

1.  Refinement  of  ATP  and  Calcium  Transport  Studies.  During  the  last 
stages  of  the  oontract  we  developed  procedures  to  examine  POP  levels  and 
Calciun  efflux  in  Physaruro  exposed  to  ELF.  Preliminary  findings  indicate 
that  ATP  levels  in  axpoeed  cultures  may  be  greater  than  thoee  in  control 
cultures  and  that  calcium  ions  leak  out  of  exposed  Fhysanm  at  a slower 
rate  oaqpared  to  oontrol  cultures.  Definitive  statements  on  these  points 
cannot  be  made  without  iapcoved  experimental  precision.  Because  of  the 
fundamental  importance  of  both  ATP  levels  and  calcium  transport  to  all  ceil 
processes,  these  experiments  should  be  improved,  repeated,  and  elaborated. 

2.  Examination  of  Ooeparable  Field  and  Laboratory  Exposures.  Our 
studies  were  designed  to  examine  the  effect  of  a single  factor,  namely, 
exposure  to  ELF  fields.  This,  of  course,  makes  good  sense  from  a 
scientific  point  of  view  but  it  presents  certain  difficulties  (often  hidden) 
to  those  seeking  to  translate  our  findings  into  meaningful  terms  for  assessing 
potential  hazards  of  an  ELF  transmitter.  In  staple  terms  the  difficulty 

may  be  stated  in  the  form  of  a question:  limn  an  organism  is  moved  frees 
pristine  laboratory  conditions  to  a situation  where  it  is  buffeted  by 
variations  in  factors  such  as  tmqmrature  and  hueidity,  are  the  effects 
of  ELF  fields  enhanced  or  diminished?  Because  the  basic  mechanism  of  inter- 
action between  ELF  fields  and  biological  systems  is  not  known,  it  is 
virtually  inpossible  to  answer  this  question  without  the  benefit  of 


cnpirical  evidence.  Me  believe  that  observations  should  be  performed  on 
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orgs'ii—  axpoeed  to  EW  fields  in  the  anvizormant  and  that  these  observa- 
tions should  be  oospared  with  thaaa  isad*  an  nrjmii  — axpoeed  to  ccxparoblc 
fielda  in  the  laboratory.  Furthermore,  because  of  the  similarity  of  t folds 
inter  power  tran— lesion  lines  to  those  anticipated  near  an  OF  antenna 
(cf . National  head any  of  ^cianoee  import,  p.  118)  this  type  of  an  experiment 
could  easily  be  conducted  either  at  the  Claa  Late  site  or  near  power 
transmission  lines.  Since  tranmaiasion  lines  are  margined  continually 
under  farily  constant  loads,  the  latter  setting  would  aeon  to  offer  several 
advantages. 

3.  Rile  Out  the  Large  Sise  of  Fhyeanmi  Mjcmpl iwerrti a as  a 
Contributing  factor  to  Ctmenieri  Effects  The  National  Aoadma y of  Sciences 
import  tujgaatmd  that  beoeuec  Physarua  miarcplamsodia  are  as  much  as  ten 
tines  larger  than  sae  mmaeelien  anils  they  say  exhibit  an  extraordinary 
sensitivity  to  S F fields.  This  hypothesis  should  be  tasted  by  exposing 
P.  scab  as  to  exm  or  two  selected  ELF  fields.  P.  axoabae  are  morphologically 
and  physiologroelly  similar  to  maeealian  cells  in  all  respects  except  that 
they  ere  much  siapiar  to  raise  in  culture  for  eoctandsd  periods  of  time. 

Vo  one  acquainted  with  the  srArtletias  of  experimental  design  this 
mi^tt  saem  at  first  bluah  to  be  a foolish  pstpcmal  to  mate.  Mould  not 
mewing  the  cultures  outdoors  note  observations  due  to  Of  exposure  norc 
difficult  to  obaanm  due  to  variations  caused  by  moan txul led  factors, 
and  thus  mate  obaarvation  of  any  effects  due  to  G IF  more  difficult?  The 
answer  is  no.  We  are  suggesting  a test  of  the  hypothesis  that  variations 
in  external  factors  other  than  El/1  fields,  have  a synergistic  effect  on 
the  interaction  of  ELF  fields  with  bio  logical  organ!  aw.  it  may  be 
that  the  major  stress  of  occasional  extrsme  ta^mrature/haaiaity/gaamagnetic 
field/otc.  variations  may  cmarwhelm  an  arganiaas  to  the  point  that  minor' 


